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Abstract

Solid-phase peptide synthesis (SPPS) allows for the sequential assembly of diverse peptide
sequences. Alongside its scalability and capacity for automation, this makes it the method
of choice for the synthesis of peptide-based pharmaceuticals. SPPS reaction pathways,
however, suffer from a negative environmental footprint due to the super-stoichiometric
quantities of reagents and high solvent use required to ensure reaction completion. In
this paper, we propose the use of charge-based measurements as a complement to optical
methods for measuring reaction completion. We extend the capabilities of our hybrid
modeling framework to a representative four-step SPPS pathway on SiO2, showing each
reaction intermediate, its molecular encoding, and the resulting modeled surface potential
(ψ0). We show that the simulated ψ0(pH) plots are separable for three of the four key
reaction steps in the representative pathway, indicating that charge-based measurements
may help verify protection/deprotection steps.
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1. Introduction
Solid-phase peptide synthesis (SPPS), introduced by Merrifield, may be used to assem-

ble diverse peptide sequences [1]. Along with its scalability and capacity for automation,
this is a promising method to complement the development of peptide-based pharmaceu-
ticals [2]. SPPS routes typically require super-stoichiometric reagents and large volumes
of solvent, many of which are classed as environmentally problematic. This motivates
monitoring the completion of reaction steps to curtail reagent and solvent use [2]. To model
these steps, we first encode each covalently immobilized reaction intermediate on SiO2 as
a simplified molecular input line entry system (SMILES) object. This encoding prepares
the immobilization–peptide system for downstream modeling tasks. In this study, we
use it to apply our hybrid framework to compute and plot the surface potential, ψ0 (pH),
and to assess the use of charge-based field-effect transistor (FET) readouts to complement
surface plasmon resonance (SPR) for verifying the completion of reaction steps in our
representative SPPS pathway [3–6].
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2. Methodology
Figure 1 shows a representative four-step route using (3-aminopropyl)triethoxysilane

(APTES) grafted on SiO2 with standard tert-butoxycarbonyl (BOCn) and 9-fluorenyl-
methoxycarbonyl (Fmoc) for the protection/deprotection of amino acids [5]. The steps in
the figure are (1) 4-hydroxymethylbenzoic acid (HMBA) attachment—which allows for
peptide immobilization by the C-terminus; (2) anchoring of dually protected lysine (Fmoc
on the N-terminus; BOCn on the side-chain amine); (3) BOCn deprotection; and (4) Fmoc
deprotection [5]. These steps broadly fall into reagent coupling, deprotection and washing
cycles, with the washing cycles often including numerous solvents added in succession [5].

Figure 1. Representative SPPS reaction pathway (solvents excluded) on SiO2. Step labels match text
references and those in Figures through this work.

Each reaction intermediate in Figure 1 is encoded following the methodology in
Figure 2, with a representative SiO2 surrogate shown in yellow. This treatment of the
surface captures immobilization and bonding chemistry without explicitly modeling the
extended surface and all atoms, making the problem computationally tractable for large
peptide libraries. We first encode the combined peptide–immobilization–surface as SMILES,
which converts the covalent bonding of the molecular system into a one-dimensional
machine-interpretable object. We then pass the SMILES object to the molecular modeling
steps, which here includes MolGpKa’s graph-convolutional model to predict site-specific
pK values alongside the topological polar surface area (TPSA)—which are key molecu-
lar parameters in producing the ψ0(pH) plots [3,7]. For every titratable group in each
intermediate molecule, we propagate an illustrative per-site ±0.5 pK confidence interval
envelope to the parameters as a representative order-of-magnitude uncertainty inspired by
benchmarks [8,9]. As in our prior framework, the site-binding model maps protonation to
surface charge, and a coupled Gouy–Chapman–Stern solve yields the ψ0 (pH), as shown in
Figure 3, noting that we report ψ0 as the FET-relevant surface input and do not fit a specific
device transfer curve [3,7].
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Figure 2. SMILES-based encoding used for downstream modeling. Here, MolGpKa [8] supplies
pK and TPSA descriptors; however, other tasks may include conformational sampling, as shown in
Figure 4. Colors: blue-deprotected amino acid with titratable amines; green-HMBA; yellow-SiO2

surrogate. Fragment highlights (middle pane) correspond to substructures (left pane).

Figure 3. Simulated ψ0 (pH) titrations for steps 1–4 with per-site ±0.5 pK confidence envelopes.
Arrows indicate reaction progression only and the start/end positions are not relevant. The colour of
each plot matches the colour of the inserts in Figure 1.

Figure 4. Example energy-minimized conformation of (left) (BOCn+Fmoc)Lysine-[HMBA-APTES]
and (right) Lysine-[HMBA-APTES] with tridentate APTES linkage on SiO2, generated using the
UFF [10]. Height labels denote charge-centre (titratable group) distances from the oxide surface,
which we define as the central point of the surface oxygen atom. Energy minimization was performed
by freezing the surface molecules, and an initial section of the [HMBA-APTES] section was placed
in an extended conformation to ensure that the initial pose had no atom collisions. Note: We
present a mixed visualization, representing the surface as van der Waals spheres, and the peptide-
immobilization system as ‘sticks’.

3. Results
We test whether modeled ψ0 (pH) plots may be used to signal reaction completion for

key steps in our representative SPPS pathway. Figure 3 plot ψ0 (pH) titrations are shown
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for each reaction intermediate in Figure 1, with each reaction step (1–4) shown in red arrows.
The addition of HMBA (step 1) removes the basic amine from the initial APTES immobiliza-
tion and renders a neutral molecule over the pH domain—reflected in a flat titration profile
with zero ψ0 at all pH values. The addition of BOCn and Fmoc protected lysine (step 2)
shows no charge contrast in Figure 3 (reflected in overlapping, flat plots); however, given
that the added residue increases layer mass and molar refractivity, we expect this step to be
the most robustly discernible through SPR measurements alone [4,5]. The removal of BOCn
(step 3) exposes the side-chain amine, providing a basic site that yields a separable ψ0 (pH)

plot, exposing the N-terminus (step 4) through a subsequent deprotection, providing an
additional inflection point and further shifting the resulting ψ0 (pH) envelope such that it
remains separated from step 3. Here, we deem steps distinguishable when their confidence
bands exhibit any non-overlapping interval.

4. Future Work
Our SMILES-based encoding methodology is task-agnostic, driving the prediction

of molecular parameters pK and TPSA, and as illustrated here, conformational sampling
and further modeling work. Figure 4 shows the conformations of fully protected (left),
and deprotected (right) lysine–immobilization–surface systems in the absence of solvent
generated using the universal force field (UFF) [10]. By considering the spatial extent of the
peptide, we can address assumptions in our analytical model related to the treatment of
the electrolyte, such as screening and ion crowding [11]. We highlight this initial treatment
by labeling with height labels, which could be used in the consideration of ion screening
and more granular modeling of the electrolyte and explicit modeling of molar refractivity
for SPR responses.

5. Conclusions
In this paper, we show that simulated ψ0 (pH) titrations may be used to distinguish the

HMBA addition along with BOCn and Fmoc deprotection steps in an illustrative SiO2 SPPS
sequence, indicating a complementary role for optical monitoring alongside our proposed
FET-based verification of reaction completion [5,6]. We model covalent attachment using
an idealised tridentate APTES tether, extending our previous implementation to SiO2 [3].
Encoding each immobilized intermediate as a SMILES object readies the system for down-
stream tasks, including conformational–electrolyte analyses and prospective SPR-response
studies as next steps.
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